Abstract. Psocids are small insects that feed primarily on fungi, algae, lichens and organic detritus. Although they are relatively common in forest ecosystems, the general patterns in their abundance and diversity in boreal forests are still poorly known. We report records of 20 species of psocids quantitatively collected from four species of woody plants (Pinus sylvestris, Picea abies, Betula pubescens and B. pendula) at 50 sites in northern Europe, located between 59° and 70°N and between 10° and 60°E. Seven species were found only on conifers, seven other species only on birches and six species inhabited both birches and conifers. The overall density of psocids was 18.9 ± 2.9 exx/kg (d.w. of plant material). Densities varied among the studied species of trees, being highest on P. abies and lowest on B. pendula. The species diversity was highest on B. pendula and lowest on B. pubescens. Both diversity and abundance of arboreal psocids in northern Europe decreased with latitude. However, due to the relatively low number of specimens collected, the conclusions about the diversity of psocids should be seen as tentative.
INTRODUCTION
Psocids are small insects that feed primarily on fungi, algae, lichens and organic detritus. They are relatively common in forest ecosystems, being an important component of arthropod communities in the canopies (Thornton, 1985; Halaj et al., 2000; Thunes et al., 2004) . Although in some regions, in particular in Fennoscandia, the ecology of psocids is studied relatively well (Laine et al., 1993; Kanervo & Várkonyi, 2007) , the general patterns in their abundance and diversity in boreal forests are still poorly known. Therefore our first goal was to quantify the abundance and diversity of arboreal psocids inhabiting the main forest-forming trees in northern Europe (Scots pine, Pinus sylvestris L.; Norway spruce, Picea abies (L.) Karst.; downy birch, Betula pubescens Ehrh.; white birch, B. pendula Roth.).
Exploration of different characteristics of terrestrial ecosystems along latitudinal gradients (used as surrogates for changes in temperature and precipitation) has recently become increasingly popular (Willig et al., 2003; Adams et al., 2010; Moles et al., 2011; Kozlov et al., 2013) . The detected latitudinal patterns, with some limitations, can be used to predict how ecosystem characteristics will change as climate warms. We are not aware of any study exploring changes in communities of arboreal psocids along latitudinal gradients. Therefore our second goal was to search for latitudinal patterns in both abundance and diversity of arboreal psocids in boreal forests of northern Europe.
In contrast to Western Europe, the psocid fauna of which is relatively well studied, information on psocids of the northern parts of European Russia is rather limited. Reuter (1893) mentioned the occurrence of several species in the area which now belongs to the Republic of Karelia. Recent faunistic inventories were restricted to Leningrad oblast (Saveliev, 1997 (Saveliev, , 1999 Golub, 1999) . A few species were occasionally recorded from the Republics of Karelia and Komi (Danka, 1968; Humala, 2006 ), but we were unable to find any records of psocids collected in the Murmansk, Arkhangelsk or Vologda regions of Russia. Therefore our third goal was to improve the knowledge on the distribution of arboreal psocids in north-eastern Europe.
MATERIAL AND METHODS
Sampling was conducted along five latitudinal gradients (Fig. 1 : N -in Norway; F -mostly within Finland; R -in Russia between St. Petersburg and Murmansk; A -in Russia between Vologda and Arkhangelsk; K -in Russia between Vologda and Inta). All gradients were located in Scandinavian and Russian taiga, an eco-region within the taiga and boreal forests biome. Typical coniferous forests in this region are dominated by Scots pine or Norway spruce with a significant admixture of downy and white birches. The study sites were located in forests typical for each locality; the care was taken to select a representative site where all four species of forest-forming trees (mentioned above) grow naturally. In some situations this was impossible, and therefore in 13 of 50 study sites we collected samples from three species of trees, and in two sites from two species of trees (Table 1) . Each site was sampled twice a year (N gradient: 29.vi.-2.vii. and 27.-30.viii.2011; F gradient: 25.-26.vi. and 2.-4.ix.2008; R gradient: 23.-29.vii. and 21.-25.viii.2008, 24.-29.vi. and 24.-28.viii.2009, 22.-27.vi. and 29.vii.-2.viii.2010, 12.-16.vi. and 10.-14.viii.2011; A gradient: 16.-18.vi. and 7.-9.viii.2010; K gradient: 18.-20.vi. and 1.-3.ix.2009 ).
Mature trees (generally aged 20 or more years) with accessible (i.e., within 2 m above the ground) lower branches were selected on a "first found, first sampled" basis. At each site samples were collected from five trees of each species on each sampling date. The sampled trees were not tagged, and therefore early and late summer samples were generally collected from different trees. One branch (that can be accessed without disturbing the insects feeding on it) of about 50 cm in length (with approximately 80 leaves on birches, or 500 needle pairs on Scots pine, or 4000 needles on spruce) was selected on each sampled tree. One of two collectors placed a mesh bag attached to a ring (60 cm in diameter) under the selected branch, after which, the second collector cut the branch in such a way that it fell into the bag together with the insects that dropped from the branch when disturbed. The average temperature at the time of sampling was 16.2°C and it is unlikely that many psocids escaped by flying. The bag was immediately closed, labelled and transported to the laboratory where all invertebrates were collected and preserved in alcohol. All fully developed adults and some nymphs of psocids were identified by J. Kanervo using both external characters and structure of genitalia; psocid nomenclature follows Svensson & Hall (2010) . Voucher specimens were deposited in the Zoological Museum of the University of Turku, Finland.
The collected branches were dried at +80°C for 48 h and weighed; abundance of psocids was expressed in exx/kg (d.w.) of branch, including both woody parts and foliage. To allow the direct comparison of our data with published estimates of psocid density, we transformed the latter values to specimens per 1 kg of dry weight of medium-sized branches by using the data on specific leaf weights of sampled plants and assuming that the foliage comprises 20% of dry weight of a branch. As a measure of diversity, we used the number of species in a random sample of 15 individuals, calculated from our data using individualbased rarefaction.
Distribution of psocids both on individual branches and at different study sites was greatly skewed and therefore we used non-parametric methods to analyse these data. The abundance of psocids was compared among gradients, tree species and study years using Kruskal-Wallis test; latitudinal patterns in both abundance and diversity were explored by calculating Spearman rank correlation coefficients with latitudes of study sites (SAS Institute, 2009). Rarefaction-based estimates of species richness were compared with t-test.
RESULTS

Overall abundance
A total of 607 psocids were found in 298 samples; 2692 samples did not contain psocids. The number of individuals in a sample varied from 1 to 21 (with a median value of 1); 163 samples contained adults. An overall abundance of psocids (all sites and tree species pooled) was (mean ± S.E.) 18.9 ± 2.9 exx/kg (d.w.).
Association of psocids with different species of trees
Densities of psocids varied among the surveyed tree species (Kruskal-Wallis test:  2 = 50.4, df = 3, P < 0.0001), being highest on P. abies and lowest on B. pendula (Fig. 2a) . Of the 20 collected species, seven were found only on conifers, seven only on birches and six species on both conifers and birches ( Table 2 ). The species diversity was highest on B. pendula and lowest on B. pubescens (Fig. 2b ).
Geographical variation in abundance and diversity
Densities of psocids differed among the five latitudinal gradients (Kruskal-Wallis test:  2 = 34.8, df = 4, P < 0.0001), being highest in the R gradient and lowest in the A gradient (Fig. 3a) . This pattern probably reflects geographical variation rather than variation among the study years, because the overall abundance of psocids in the R gradient did not change over the period 2008 -2011 ;  2 = 5.56, df = 3, P = 0.14). In the R gradient, densities of psocids varied among the study sites ( 2 = 24.9, df = 9, P = 0.003), although this variation was not explained by the latitudes of the study sites (rS = -0.30, n = 10 sites, P = 0.40). Among individual species, only Peripsocus phaeopterus and P. subfasciatus demonstrated significant decrease in abundance with latitude (rS = -0.70, n = 10, P = 0.02 and rS = -0.80, P = 0.01, respectively). However, the densities of psocids in the southern half of the R gradient were on average nearly twice as high as in the northern half of the gradient (36.6 ± 13.0 and 20.6 ± 11.1 exx/kg, respectively;  2 = 5.39, df = 1, P = 0.02).
The geographical variation in the diversity of arboreal psocids showed a similar pattern: although the number of recorded species did not correlate with the latitude of the study site (rS = -0.48, n = 10, P = 0.40), the rarefactioncorrected estimate of species richness in the southern half of the R gradient was 1.36 times as high as in the northern half of it (mean ± S.E. number of species in a sample of 15 individuals: 7.23 ± 0.28 and 5.30 ± 0.27, respectively; t = 4.95, P < 0.001). When all five gradients were combined, the richness of psocid fauna decreased from 14 species between latitudes 59° and 62°N to 10 species between latitudes 62° and 66°N and 7 species between latitudes 66° and 70° N.
DISCUSSION
Abundance and diversity of arboreal psocids
The average density of psocids on 156 species of plants in south-eastern Australia amounted 0.3 exx/m 2 of foliage (Woinarski & Cullen, 1984) , which is approximately equivalent to 1 exx/kg of branch. Fogging the canopies of Argyrodendron actinophyllum (Bailey) Edlin in the Australian rainforest yielded 40 exx of psocids/kg of foliage (Basset & Arthington, 1992) , which is approximately equivalent to 10 exx/kg of branch. In dry evergreen forest in north-eastern Thailand insecticide fogging yielded 3-47 exx of procids per 1 m 2 of trap size (Watanabe & Ruaysoongnern, 1989) , which is approximately equivalent to 1-15 exx/kg of branch. These values are in the same range as the density estimates obtained in coniferous forests in Oregon by sampling the branches of Douglas-fir, Pseudotsuga menziesii (Mirbel) Franco and Western hemlock, Tsuga heterophylla (Raf.) Sarg. In these samples, psocid density varied from 0.6 to 17 exx/kg of branch (Schowalter, 1989 (Schowalter, , 1995 . On the other hand, beating Douglas-fir branches in the same region resulted in a much higher estimate of abundance, 724 exx/kg (Halaj et al., 2000) . Finally, sampling large (2 m long) branches from old Norway spruces in the surroundings of Oulu, northern Finland, revealed moderate density of psocids, approximately 23.4 exx/kg, in contrast to 1.94 exx/kg on branches of young spruces (Laine et al., 1993) . Thus, the density of arboreal psocids recorded in different studies varies by three orders of magnitude and the average density of psocids in our samples (18.9 exx/kg) is close to the median value obtained from the publications cited above.
One to 13 species of psocids were recorded from six species of trees in both Britain and South Africa using pyrethrum knockdown (Southwood et al., 1982) . Unfortunately, the authors did not report sample sizes, which makes direct comparison with our data impossible. However, they collected 12 species of psocids from Betula sp. in the UK, which is nearly equal to the number of species we collected from B. pendula and B. pubescens in Northern Europe (13 species). On the other hand, New (1970) collected 9 species of psocids by beating twigs of 12 species of trees in the UK, from 2 to 9 species per studied tree species. Numbers of psocid species in a random sample of 15 individuals calculated using these data vary from 2.00 to 4.36 per tree species, i.e., are two to three times lower than in our samples. In particular, New (1970) reported only 4 species from B. pendula (2.98 ± 0.19 species/15 exx), in contrast to the 10 species collected in our study (7.88 ± 0.23 species/15 exx).
On the other hand, fogging resulted in collecting of 15 species of psocids from Scots pine canopies in southern Norway (Thunes et al., 2004) , i.e., twice that we collected from Scots pine throughout northern Europe. Similarly, Laine et al. (1993) reported 16 species from old trees of Norway spruce whereas we collected only 12 species (Table 2) . In both these studies, the higher richness of psocids resulted from sampling of species inhabiting bark of large branches and tree trunks (such as Trichadenotecnum majus and Reuterella helvimacula), which were rare or missing in the material we collected from small (50 cm in length) branches. However, the numbers of species in a random sample of 15 individuals, based on the data from these publications, are 5.38 ± 0.34 and 5.82 ± 0.29, respectively, i.e., significantly lower than in our material (Fig. 2b) . We attribute this difference to the greater geographical area surveyed in our study.
Our data (Table 2 , Fig. 2b ) support the conclusion (Thornton, 1985) on a similar diversity of "conifer species" and "broadleaved species" of psocids in northern Europe, and generally agree with data on species' preferences for particular tree species. The only exception is a high (27% of the collected specimens) occurrence of V. flavidus on conifers (Table 2) , because this species usually inhabits broadleaved trees (Svensson & Hall, 2010) ; however, it was recorded from Norway spruce in Finland (Laine et al., 1993) . As all foliage-frequenting psocids graze indiscriminately on microflora and debris on leaf surfaces their association with a particular tree species is explained by the physical characteristics of its foliage as a habitat for these minute insects (New, 1970) . Thornton (1985) noted that psocid densities in tropics are much lower than in temperate forests. However, the diversity of methods used to collect the data, the shortage of studies and substantial variation in the abundance of psocids among different species of trees complicate the 55 Fig. 2 . Density (a) and number of species in a random sample of 15 individuals (b) of psocids found on different species of trees: abi -Picea abies; pen -Betula pendula; pub -B. pubescens; syl -Pinus sylvestris. Bars indicate standard errors; bars labelled with different letters differ from each other at the probability level P = 0.05. Fig. 3 . Variation in density of arboreal psocids among the geographical regions (a) (A -between Vologda and Arkhangelsk, Russia; F -between Turku, Finland and Nuorgam, Norway; K -between Vologda and Inta, Russia; N -between Olso and Andselv, Norway; R -between St. Petersburg and Murmansk, Russia) and (b) among study years in the R gradient. Bars indicate standard errors; bars labelled with different letters differ from each other at the probability level P = 0.05. use of published data for the analysis of latitudinal patterns. By using one sampling method, we demonstrated that densities of arboreal psocids in northern taiga forests decrease towards the North. In combination with the conclusions of Thornton (1985) , our data hint at the existence of a dome-shaped latitudinal pattern, with the highest abundance of psocids occurring in temperate forests. Consequently, we hypothesize that the effects of climatic warming on arboreal psocids may depend on latitude: in boreal forests, the abundance of psocids is likely to increase, while in temperate forests it may decline.
Geographical variation in psocid communities
The lower diversity of psocids recorded in the northern parts of our study region agrees with the general pattern (Willig et al., 2003) of a decrease in species richness from the equator towards the poles. We are not aware of any latitudinal comparisons of the diversity of arboreal psocids. Three studies of altitudinal climatic gradients revealed different patterns: diversity decreased with altitude in Switzerland (Lienhard, 1977) , did not change with altitude in Sumatra (Kentjonowati & New, 2004) and increased with altitude in Jamaica (Turner & Broadhead, 1974) . Keeping in mind the overall climatic differences between Switzerland and Jamaica, these data suggest that diversity of psocids, in parallel with their abundance, is likely to peak in regions with a temperate climate.
The differences between geographical gradients are more difficult to explain. We suggest that the high abundance recorded in the R gradient (from St. Petersburg to Murmansk) is due to the combination of humid (oceanic) climate, which is favourable for arboreal psocids (Alexander & Saville, 2008) , and the large proportion of oldgrown primary forests that still exist in this part of Russia. The forests in Finland and Norway are more intensively managed than those in Karelia and therefore they support less diverse insect faunas (Niemelä, 1997) . The climate of both Arkhangelsk oblast and Republic of Komi is more continental (i.e., less humid) and nearly all the primary forests in our sampling areas were logged several decades ago.
The variation among the geographical regions, as well as among study sites in the R gradient, may result from a number of factors influencing the psocids, their food and habitats. None of these factors were recorded in the course of our study and therefore the mechanisms underlying the detected patterns remain unknown. Furthermore, due to the relatively low number of the collected specimens, the conclusions on the diversity of psocids should be seen as tentative.
Completeness of faunistic inventory and interesting records
Psocids collected in the course of ecological studies (e.g., Schowalter, 1995; Halaj et al., 2000; Andrew & Hughes, 2005) are only rarely identified to the species level (but see Thunes et al., 2004) due to both shortage of taxonomic expertise and predominance of nymphs, which are difficult or even impossible to identify. But if the material collected primarily for testing ecological hypotheses is identified, then the question arises on whether this material is suitable for drawing faunistic or biogeographical conclusions, because the sampling methods used in ecological studies generally differ from those used for faunistic inventories.
We collected 20 species of psocids, i.e., 40% of those recorded on the same species of trees in Sweden and Finland (Svensson & Hall, 2010; and pers. obs. by JK) . Our samples are sufficiently representative of the species living mainly on foliage (we collected 9 of the 14 species known from Sweden and Finland, i.e., two-thirds of the potential fauna), but not of psocids that live mainly on the bark of branches and trunks (11 of 36 species, i.e., onethird of the potential fauna). On the other hand, beating thin branches and using window traps to collect psocids from different species of trees in Finland yielded 30 species (Kanervo & Várkonyi, 2007) , whereas we collected only 20 species. But this difference in species richness is likely to result from the higher number of identified specimens (2367, compared to 217 specimens in our study), rather than from the differences in the methods of psocid collection. Thus, our sampling method was not optimal for a faunistic study and the relatively low number of the collected specimens hampers biogeographical analysis of our data. In spite of this, we made several interesting records (see Appendix). In particular, Elipsocus abdominalis was for the first time recorded in Russia. We confirmed the occurrence of Hemineura dispar in the Republic of Karelia: this species was reported from Lahdenpohja (Jaakkima) by Reuter (1893) but not found by subsequent researchers. An infrequent species, Trichadenotecnum incognitum, earlier known from both the western (Romania, Switzerland, Austria, Czech Republic, Germany and Finland) and eastern Palaearctic (Primorye region of Russia and Japan), was found in Pechora, Republic of Komi. This is not only the first record from the European part of Russia, but also the northernmost record in Europe. In addition, our findings are the first contributions to the psocid fauna of the Murmansk (3 species), Arkhangelsk (2 species) and Vologda regions (5 species); they also increase the number of psocids recorded in the Republic of Karelia to 23 species and in the Republic of Komi to 7 species.
